[1] Spaceborne gravimetry data from the Gravity Recovery And Climate Experiment (GRACE) are processed using spatio-spectral Slepian localization analysis enabling the high-resolution detection of permanent gravity change associated with both coseismic and postseismic deformation resulting from the great 11 March 2011 Mw 9.0 TohokuOki earthquake. The GRACE observations are then used in a geophysical inversion to estimate a new slip model containing both coseismic slip and after-slip. The GRACE estimated moment for the total slip, up to the end of July 2011 is estimated as (4.59 AE 0.49) Â 10 22 N m, equivalent to a composite Mw of 9.07 AE 0.65. If the moment for the Tohoku-Oki main shock is assumed to be 3.8 Â 10
22 Nm , the contribution from the after-slip is estimated to be 3.0 Â 10 21 -12.8 Â 10 21 N m, in good agreement with a postseismic slip model inverted from GPS data. We conclude that GRACE data provide an independent constraint to quantify co-and post-seismic deformation for the Tohoku-Oki event.
Introduction
[2] The 11 March 2011 moment magnitude (Mw) 9.0 Tohoku-Oki earthquake ruptured the interplate boundary off the eastern shore of northern Honshu, and generated a devastating tsunami that swept the coastal area along the northern part of Japan. This event released a large part of the strain accumulated for a long time interval due to the subduction of the Pacific plate underneath the North America plate at a rate of 92 mm yr À1 [DeMets et al., 1990] . There is no historical record for any massive earthquakes near this location and with similar magnitude as the 2011 event, except for the 869 AD Jōgan Sanriku earthquake and the resulting tsunami which devastated Mutsu province [Minoura et al.,2001] .
[3] After the Tohoku-Oki earthquake, large postseismic deformations were observed by the GPS Earth Observation Network (GEONET) operated by the Geospatial Information Authority of Japan (GSI). Based on these geodetic observations, large after-slip with thrust mechanisms is found outside of the area, particularly down-dip, of the major coseismic slip [Ozawa et al., 2011; Simons et al., 2011] . About 14 days after the Tohoku-Oki earthquake, the moment of after-slip reached a value $10% of the main shock moment [Ozawa et al., 2011] .
[4] The slip on the megathrust interface of the 2011 Tohoku-Oki event led to large deformations of the sea floor, land, and in the crust and upper mantle surrounding the rupture region. For example, the seafloor near the trench was moved east-southeast tens of meters horizontally, and with several meters of uplift [Fujiwara et al., 2011; Sato et al., 2011] . On land, the largest coseismic displacement was $5 m toward the east-southeast with $1 m subsidence as observed by the GEONET. The earthquake-induced deformation consequently changed the Earth's gravity field permanently. It has been demonstrated that spaceborne gravimetry data from GRACE [Tapley et al., 2004] , which provides global gravitational field solutions with monthly sampling at spatial resolution longer than several hundred km, are able to detect the gravity signatures associated with coseismic and postseismic deformation resulting from great undersea earthquakes [Han et al., 2006; Chen et al., 2007; Panet et al., 2007; Han and Simons, 2008; de Linage et al., 2009; Simons et al., 2009; Han et al., 2010; Heki and Matsuo, 2010; Broerse et al., 2011; Matsuo and Heki, 2011; Wang et al., 2012] . Intrinsic limitations exist in the slip inversion for great undersea earthquakes by groundbased geodetic measurements (e.g., GPS and Synthetic Aperture Radar interferometry data), and/or teleseismic wave records. For example, onshore geodetic observations typically have poor sensitivity to the slip far offshore, while seismic inversions generally are subject to relatively large uncertainty in seismic moment estimation if the ruptures are very shallow . The GRACE detection of the total gravity change resulting from slips of megathrust events, as a consequence of earthquake-induced mass redistribution, provides a complementary and independent observation to constrain coseismic and postseimic deformation modeling via geophysical inversion, as first shown by Wang et al. [2012] in the estimation of the slip for the February 2010 Mw 8.8 Maule (Chile) earthquake. Matsuo and Heki [2011] were the first to publish GRACE observations of the coseismic deformation of the Tohoku-Oki earthquake using GRACE data. Here our study is to use GRACE observations to invert for the composite slip, and thus to provide a complimentary constraint on the coseismic and postseimic deformation resulting from the great March 2011 Mw 9.0 Tohoku-Oki earthquake. Each monthly solution consists of fully normalized spherical harmonic Stokes coefficients complete to degree and order 60, corresponding to a maximum spatial resolution of 333 km (half-wavelength) at the equator. The spatial resolution increases with latitude as the satellite orbits converge in the polar region. Our approach relies on a spatio-spectral localization analysis which transforms the spherical harmonic representation of changes in the global gravity field solution to the Slepian basis [Simons et al., 2006] . It has been shown that the spherical Slepian basis provides an efficient method for representation and analysis of local geophysical signals, particularly for studies of coseismic gravity changes from great earthquakes, since the spatial patterns with which earthquakes perturb the Earth's gravitational field match those of the first five best-concentrated Slepian functions [Simons et al., 2009; Wang et al., 2012] .
GRACE Data Processing
[6] In order to maximumly preserve the spatial resolution of the coseismic (and postseismic) gravity changes, no postprocessing is applied to remove the high-frequency 'longitudinal-stripe' errors in GRACE temporal gravitational solutions, since any post-processing such as 'de-striping' or decorrelation [e.g., Swenson and Wahr, 2006; Duan et al., 2009] would remove errors as well as seismic gravity change signals that happen to be near the longitudinal patterns or stripes, distorting the resulting gravity change observations. Here, we just applied a 350 km isotropic Gaussian filter to suppress the errors at short wavelength of GRACE monthly solutions. The annual, semi-annual signals and 161-day tidal S 2 aliasing terms are further removed from these solutions, creating an immediate data set close to the spatial resolution of the original GRACE solution at 333 km (half-wavelength at the equator). Finally, the Slepian transformation (auxiliary material) 1 is applied to the filtered spherical harmonic coefficients with the concentration domain defined by a circularly symmetric cap of co-latitudinal radius Q =7 o centered at the Global Centroid Moment Tensor Project (GCMT) epicenter of the TohokuOki earthquake (l = 143.05 o , 8 = 37.52 o ) (http://www. globalcmt.org). Such a concentration domain is chosen in order to minimize contamination by the surrounding nonseismic signals/noises and to maximize the capture of earthquake signals. Figure 1 shows the Slepian coefficients ( Figures 1b, 1d , 1f, 1h, and 1j) of the top five optimally localized Slepian basis functions (Figures 1a, 1c, 1e, 1g , and 1i), whose spatial patterns match the pattern of the gravitational potential perturbations due to double-couple pointsource earthquakes [Simons et al., 2009] . Significant jumps can be seen clearly in the time series of the 1st, 3rd, 4th and 5th Slepian coefficients during the period of March 2011 Tohoku-Oki earthquake. We hereby assume that the jumps are due to earthquake-induced deformations.
[7] Figure 2 shows the gravity change in the spatial domain, which is recovered from fitted parameters representing a jump in the Slepian domain. The positive gravity change signals result from seafloor uplift. The maximum positive gravity change detected by GRACE is 3.69 mgal in the ocean east of Honshu, Japan. The negative gravity changes, which are jointly caused by seafloor/land subsidence and crust dilatation, mainly reside over the west boundary of Tohoku, with the peak value of À8.75 mgal located just north of Sado Island. By estimating the ap o s t e r i o r ivariance of unit weight, we deduced that the 1-s uncertainty is at 1.62 mgal for our Slepian localized GRACE observation of the Tohoku-Oki earthquake deformation.
Model Prediction
[8] Figures 3a-3c show the three slip models considered in this study: Model I (Figure 3a ) is jointly inverted from teleseismic wave records and high-rate GPS measurements , while Model II (Figure 3b ) [Shao et al., 2011] and Model III (Figure 3c ) (Hayes et al., 2011, http://earthquake.usgs.gov/earthquakes/eqinthenews/ 2011/usc0001xgp/finite_fault.php) are derived purely from teleseismic waves. Figure 3d shows an after-slip model over the time period between 12-25 March 2011 by Ozawa et al. [2011] . Table 1 lists some key parameters for the three coseismic slip models. The coseismic and postseismic gravity changes are then computed for the four models assuming ahomogeneoushalf-spaceformalism [Okubo,1992] .Theeffect of water layer is taken into account by considering the density contrast between crust and ocean water as the sea floor moves vertically. In order to compare with GRACE observations, the model-predicted coseismic gravity changes at full resolution are truncated to spherical harmonic degree of 60, and then spatially filtered using a Gaussian filter with radius of 350 km. Figures 3e-3g show, respectively, the coseismic gravity changes predicted by the three models (Figures 3a-3c ), and Figure 3h shows the postseismic gravity changes predicted from the Ozawa et al. [2011] model with a different color scale. By comparing these model predictions with the Slepian-localized GRACE observation (Figure 2 ), we conclude that: first, the spatial pattern of GRACE observation is consistent with all model predictions which have negative gravity changes west of the epicenter and positive changes over the ocean east of the Japan trench. Since the models exhibiting substantial differences in terms of slip distribution predict similar bi-polar patterns at spatial resolution commensurate with the GRACE solution, GRACE contributes little in distinguishing the detailed slip distribution for Tohoku-Oki earthquake. However, it does not prevent GRACE from providing independent constraints on the average slip and total moment. Second, although the spatial patterns of the model predicted and GRACE observed gravity changes are similar, the amplitude of GRACE detected signal, at À8.75 AE 1.62 and 3.69 AE 1.62 mGal, for peak values in negative and positive gravity changes respectively, is larger than the predicted amplitudes by all three coseismic models. The peak negative gravity changes predicted by Model I, II and III are À7.0, À6.7 and À6.7 mGal, respectively, while the predicted maximum positive values are 1.6, 2.8 and 2.0 mGal. We find that the uncertainties in the predictions caused by Earth'sc u r v a t u r e and radial heterogeneity [Pollitz,1996; Sun and Okubo,1998 ] should be around 1 mGal (auxiliary material), which is less than the current estimated GRACE observation errors. Larger amplitude of observation indicates that in addition to the coseismic signal, the postseismic signal associated with the Tohoku-Oki earthquake can also be detected by GRACE.
Slip Inversion Using GRACE Data
[9] The earthquake-caused mass redistribution, which can be detected by the GRACE satellites, can be related to slip 
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on a buried fault by Volterra's formula [Aki and Richards, 2002] . Thus, it is possible to use the coseismic gravity change to constrain the slip and fault geometry by inversion. To address the non-uniqueness inherent in this geophysical inverse problem, we analyzed the sensitivity of GRACEobserved co-seismic gravity changes to various fault parameters (see auxiliary material). It is found that the coseismic gravity changes at GRACE's spatial resolution ($350 km half-wavelength) are sensitive to the width of the rupture. However, there is a trade-off between the depth of the fault and the amplitude of the slip. Therefore, it is necessary to fix the parameter of depth using external information (e.g., depth estimate from seismic or geologic observations) in order to invert for other fault parameters using GRACE data.
[10] We use Simulated Annealing (SA), a nonlinear inversion algorithm ] to simultaneously invert for the fault width and slip. Because of the aforementioned fact that GRACE is not sensitive to the detailed slip distribution for the Tohoku-Oki earthquake, a simplified fault model, i.e., a rectangular fault plane with Time series of the corresponding Slepian expansion coefficients of the GRACE monthly solutions. Pink: the original expansion coefficients (after removal of the annual, semi-annual and tidal S2 aliasing terms). Blue: The mean values before and after Tohoku-Oki earthquake, as well as the earthquake-induced jump in the time series computed by differentiating the two mean values.
uniform slip on it, is assumed for inversion. The strike, dip and rake have been relatively well determined by either seismic or geologic observation and the uncertainties are small as can be seen in Table 1 . Therefore, they are fixed to 203 ,1 0 and 88 , respectively, to be consistent with the GCMT solution. Unlike the 2004 Mw 9.1-9.2 Sumatra earthquake and the 2010 Mw 8.8 Maule (Chile) earthquake, which ruptured segments of more than 1000 km and 500 km along the seafloor, respectively, the area of appreciable slip for the Tohoku-Oki earthquake is relatively compact, only about half of the 2010 Maule earthquake [Simons et al., 2011] . As a result, GRACE observations are less sensitive to the rupture length resulting from the 2011 Tohoku-Oki earthquake. In the inversion, the fault length is fixed to be 240 km, which is the average rupture extent in the three coseismic models for the area bearing slips of >10 m ($80% of the total moment). It has been suggested that the strong slip of the Tohoku-Oki earthquake is shallow and occupies the concave seaward end in the trench [Ide et al., 2011; Lay et al., 2011; Shao et al., 2011] . Furthermore, the deformation of the seafloor near the toe of the wedge, directly measured by multi-beam bathymetry, also provides evidence for the strong up-dip slip all the way to the trench axis [Fujiwara et al., 2011] . Therefore, we fixed the fault's top edge at a depth of 0 km in the inversion.
[11] In order to take into account the uncertainties in the inversion results caused by GRACE observation errors, the fault parameters are also inverted by using the upper and lower bounds of the ranges of estimated Figures 3a-3d respectively, but truncated to spherical harmonic degree 60 and spatially smoothed using a Gaussian filter of radius 350 km.
GRACE observation errors (i.e. a posteriori unit-weight variance of 1.62 mGal). The width and the uniform slip are finally estimated to be 211 AE 1 km and 22.7 AE 2.4 m, respectively. Since the error induced by neglecting Earth's curvature and radial heterogeneity is smaller than the GRACE observation error, to simply use the homogeneous half-space model here does not bias the error level of fault inversion using GRACE observation.
Discussions and Conclusions
[12] Using the estimated values of the fault width and the uniform slip inverted using GRACE observations (211 AE 1 km and 22.7 AE 2.4 m, respectively) accounting for both the coseismic and postseismic deformation, and assuming a shear modulus of 40 GPa, which is a rough average of the rigidities of upper crust, lower crust and upper mantle in northeastern Japan based on seismic data [Nakajima et al., 2001; Ozawa et al., 2011] , the total composite moment is (4.59 AE 0.49) Â 10 22 N m, equivalent to a moment magnitude of Mw 9.07 AE 0.65. Our GRACEinverted model estimate (comprising both coseismic and postseismic slips) is larger than previous estimates, which accounted only for the coseismic moment of the Tohoku-Oki earthquake, i.e., 3.43 Â 10 22 Nm [ Ozawa et al., 2011] , 4.0 Â 10 22 Nm , and 3.9 Â 20 22 Nm , respectively. If we assume that 3.8 Â 10 22 N m, as the average moment estimate from these studies, is the main shock moment, the post-seismic moment is then estimated to be 3.0 Â 10 21 -12.8 Â 10 21 Nm , equivalent to a Mw 8.28-8.70 earthquake.
[13] After the main shock, large postseismic deformation, resembling the coseismic displacement, but distributed more broadly (reaching further to the north and south to the area of coseismic displacement), has been measured by the GPS network [Ozawa et al., 2011] . Based on the postseismic displacement measured by GPS, Ozawa et al. [2011] found that a large after-slip is distributed in and surrounding the area of the coseismic slip, extending to the north, the south and in the down-dip directions (Figure 3d) . By using the collected GPS measurements up to March 25, 2011, they estimated the maximum slip of $1 m and moment of the 3.35 Â 10 21 N m for the after-slip, equivalent to a Mw 8.3 earthquake and very close to the lower bound of the remaining moment (3.0 Â 10 21 N m) in our GRACE estimate. However, this agreement is possibly fortuitous given the uncertainty in the moment estimate of the main shock, the uncertainty in the GRACE estimate of slip, as well as possible errors in the after-slip model derived based on farfield GPS measurements only. We argue that the effect of the after-slip is indeed a reasonable explanation for the relatively large amplitude in the gravity changes detected by GRACE. Although the peak gravity change predicted by the model including after-slip during March 11 and March 25 is only about À0.8 mGal (Figure 3h) , it should be noticed that, in our GRACE data analysis, the earthquake-induced jump is computed by subtracting the reference field before the earthquake from the mean field after the earthquake, which is the mean GRACE field of April, May and July 2011 (after removing periodic terms). Thus, what sensed by GRACE is the average after-slip during the interval between March 11th and the end of July 2011. By the end of July, the preliminary after-slip model inferred from GEONET data has a maximum slip of $2.3 m and an equivalent moment of Mw 8.5 (http://www.gsi.go.jp/cais/topic110315.2-index-e.html).
[14] As shown by our GRACE sensitivity analysis, the location of the peak in negative gravity changes is diagnostic of the down-dip width of the rupture. The fault width estimate of $210 km in our GRACE observation partially covers the after-slip regions (Figure 3d ), deeper than the co-seismic area. Additional GRACE data or improved solution after the earthquake will help further constrain the rupture width, as well as the co-and post-seismic moment estimates of the great March 2011 Tohoku-Oki earthquake.
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